Woody debris, which is supplied by branch litter, is an important component of forest ecosystems as it contains large quantities of organic matter and nutrients. We evaluated changes in branch wood dry weight and nutrient content of six common species (Fraxinus rhynchophylla, Pinus densiflora, Prunus sargentii, Quercus mongolica, Acer pseudosieboldianum, and Symplocos chinensis for. pilosa) in a deciduous temperate forest in Korea for 40 months. Branch wood disk samples 1.4-1.6 cm thick were cut, and mass loss was measured over time using the litterbag method. No significant differences in mass loss were recorded among the six tree species. Further, mass loss was negatively correlated with initial lignin concentration and positively correlated with both initial cellulose concentration and wood density for each species. Species with high wood cellulose content had high wood density while the lignin content in wood was relatively low. Accordingly, cellulose contributed to wood density, creating a relatively lower lignin content, and the decreased lignin concentration increased the wood decomposition rate.
Introduction
The balance between primary production and decomposition in the forest ecosystem is important for maintaining sustainable ecosystems. Woody debris on the forest floor is an important component of forest ecosystems [1, 2] . Woody materials are a major part of net primary production and biomass and, therefore, are considered nutrient reservoirs, particularly for carbon (C) [1, 3, 4] . Bray and Gorham [5] conducted a general survey of global litter production, including non-leaf litter, and they found that litter production by deciduous trees in the northern hemisphere totaled 3.2 metric tons ha −1 year −1 and that non-leaf litter production in cool temperate and warm temperate zones equaled 0.9 metric tons ha −1 year −1 and 1.9 metric tons ha −1 year −1 , respectively. Further, they found that stem litter in Pinus and Quercus forests comprised 12% and 15% of the total litter, respectively [5] . Similar measurements have been determined for litter production in P. densiflora, Q. mongolica, and Abies holophylla cool temperate forests in Korea (4.33 metric tons ha −1 year −1 , 3.76 metric tons ha −1 year −1 , and 4.72 metric tons ha −1 year −1 , respectively) [6] , and stem litter has been found to comprise 16%, 12%, and 13% of the total litter, respectively [6] . Coarse woody debris (CWD) plays an important role in long-term carbon stocks in the terrestrial carbon cycle because of its slow rate of decomposition and long residence time [1, [7] [8] [9] ; it additionally provides habitat for a variety of organisms and promotes the survival and growth of seedlings [7, [10] [11] [12] . The type, size, age, and chemical composition of wood litter are considered important and decisive factors in determining the rate of decomposition [7, [13] [14] [15] , as wood litter is generally richer in lignin and poorer in nitrogen (N) than leaf litter and is therefore expected to be more recalcitrant at decomposition and nutrient mobilization [7, 9, [16] [17] [18] [19] [20] [21] . Therefore, total N, the C/N ratio, and the lignin/N ratio are considered good predictors of litter decomposition rates [3, [22] [23] [24] . Plant materials with more labile compounds are susceptible to decomposition and therefore are considered higher quality, while materials with more recalcitrant compounds are considered lower quality [25, 26] . Complex carbon molecules, such as lignin, reduce decomposition rates and slow degradation, while nitrogen increases quality and can lead to increased decomposition [27] .
Forest nutrient cycling with respect to woody debris has been widely studied [2, 21, 28] . Nutrient concentrations in wood depend largely on species and site factors [29] . However, decomposition and nutrient dynamics differ greatly depending on species, initial nutrient concentrations, climate, soil type, topographic conditions, and the decomposer community [30] [31] [32] [33] [34] [35] . As CWD decays, it becomes fragmented, nutrients are leached, organic matter is broken down by various decomposers, and the original material eventually becomes incorporated into the forest floor and soil [1] . Therefore, more information on woody debris decomposition is needed to better understand the basic functions of forest ecosystems [36] . In particular, few data are currently available on CWD in Korea, although some studies have been conducted on this subject [37] [38] [39] . However, research on decomposition has not stimulated much interest relative to that on the physiological and ecological characteristics of these systems even though there has been progress made by the Ecological Long-term Research project sponsored by the Ministry of Environment in Korea.
We hypothesized that there are different decomposition rates among tree species because each tree species has different physical properties such as density and chemical properties such as lignin, cellulose and nitrogen content in branch wood, and that the chemical composition affects the physical properties of branch wood among tree species. To test this hypothesis, in the present study, we aimed to determine the chemical components and decomposition rate of woody debris by species in a temperate forest by periodically measuring mass loss. In addition, we attempted to clarify the relationship between the decomposition rate and initial chemical composition of branch woods among tree species.
Materials and Methods

Study Site
We performed the decomposition experiments in a temperate deciduous forest on Mt. Baekwoon (37 • 21 40" N, 127 • 0 14" E; elevation 567 m above sea level) in the southern suburbs of the Seoul metropolitan area. Average annual temperature and annual precipitation from 1980 to 2010 at the Seoul meteorological station, the nearest station to the experimental site, were 12.5 • C and 1451 mm, respectively. Maximum temperature occurred in the summer (June through August) and was 22.2-25.7 • C, and precipitation was concentrated in this season with monthly precipitation in the range of 133-394 mm. During winter (December through February), average monthly temperature was −2.4-0.4 • C, and monthly precipitation was 21-25 mm. The geological matrix of the Mt. Baekwoon area consists of biotite gneiss [40] .
Experimental sites were dominated by Q. mongolica and were usually mixed with P. densiflora in low densities; A. pseudosieboldianum and F. rhynchophylla dominated the subtree layer, and Rhododendron schlippenbachii, S. chinensis for. pilosa, Stephanandra incisa, and Lespedeza bicolor frequently appeared in the shrub layer. Carex lanceolata, Disporum smilacinum, and Pteridium aquilinum var. latiusculum were frequent in the herb layer. Tree coverage was 75-90%, shrub coverage 30-45%, and herb coverage 30-40%. For this study, we chose to investigate the decomposition of F. rhynchophylla, P. densiflora, Prunus sargentii, Q. mongolica, A. pseudosieboldianum and S. chinensis for. pilosa, because these species are widely distributed in deciduous temperate forests in Korea.
Experimental Design
Disk samples of branch wood were collected from each of the experimental species. For the purpose of this experiment, we considered woody branch material 30-52 mm in diameter following Harmon [1] , although several previous studies have evaluated larger material. In September 2007, we obtained samples, except the S. chinensis, immediately after a summer windstorm from newly downed trees with no signs of decay [15] . Branches of S. chinensis were cut from live healthy trees in the same time as other species sampling. Five branch samples per each tree species were collected. Branch wood disk samples for each species were cut to a thickness of 1.4-1.6 cm and dried at 60 • C to a constant mass. Morphological data for the disk samples used in the experiments are shown in Table 1 .
Dried woody samples were placed in 10 cm × 10 cm litterbags made of polyvinyl chloride-coated fiberglass (mesh size 2 mm) along with an aluminum identification tag. Five forest floor plots were selected randomly to place litterbags. We selected plots with similar slope (south-or southwest-facing slope) and elevation (190-210 m above sea level) to minimize the impact of other environmental factors. In each plot, 42 litterbags (7 litterbags per tree species) were placed on the forest floor surface in January 2008 for a total of 210 litterbags placed. Litterbags were retrieved seven times at approximately 4-7 month intervals during a decomposition period of 40 months (at 4, 9, 16, 21, 28, 33, and 40 months). At each sampling point, 30 litterbags were randomly collected from the five plots (6 litterbags per plot). 
Mass Loss Measurements
Litterbags collected from the experimental plots were transported to the laboratory using vinyl bags. Soil or roots that penetrated into the litterbags were carefully removed, and wood samples were dried at 60 • C to a constant mass. Mass loss was calculated as the ratio of dry mass (final mass) to initial mass, and the decomposition rate constant (k) was estimated with an exponential model that characterized weight loss [41] :
where X 0 was the weight (g) of litter at time 0 and X t was the weight (g) of litter at time t (years). Litter half-life (t 0.5 ), which is the time necessary to reach 50% mass loss, was estimated as follows [41] :
Chemical Analysis
Dried wood samples were milled using a Wiley mill (Thomas Scientific, Swedesboro, NJ, USA) with a 0.1-mm mesh and were used for determining organic C, total N, lignin, and cellulose concentrations. The concentration of organic C was measured using the dichromate wet oxidation method as described by Nelson and Sommers [42] . Total N was determined by the Kjeldahl method [43] using a Tecator digestion system (FOSS, Hillerod, Denmark) and a Kjeltec 8100 distillation apparatus (FOSS, Hillerod, Denmark). Lignin and cellulose were determined using the acid detergent fiber method as described by Rowland and Roberts [44] . The concentrations of P, K, Ca, Mg, and Na were determined by the wet digestion method [45] using inductively coupled plasma optical emission spectroscopy (JY-ULTIMA-2, Horiba Jobin Yvon, Longjumeau, France). Soluble carbohydrates (SC) were determined by the anthrone method [46] after hot water extraction.
Statistical Analysis
Species differences in measured chemical, physical properties and mass loss were analyzed with one-way analyses of variance (ANOVAs) followed by the Shapiro-Wilk test for normality, Levene's test for homogeneity and Duncan's new multiple range test (p < 0.05). Similarly, to determine the decomposition differences between tree species, we tested using two-way ANOVAs (time × mass loss). Linear regression analyses were performed to identify relationships among initial chemical components (C, N, lignin, cellulose, C/N, and lignin/N) and mass loss of branch wood samples. All statistical analyses were conducted using SPSS 23.0 (IBM Corp., Armonk, NY, USA). Additionally, we used nonmetric multidimensional scaling (NMDS) to examine the relationships between decomposing branch wood disk samples and initial chemical concentrations for each species using the meta-multidimensional scaling and envfit functions in the Vegan library of R 2.15.3 [47] .
Results
Chemical Composition of Branch Wood
The chemical composition of branch wood disk samples for each species is presented in Table 2 . The C concentration did not significantly differ among wood species (one-way ANOVA, F = 1.144, p = 0.365), whereas total N was significantly lower in F. rhynchophylla, S. chinensis, and P. sargentii than it was in Q. mongolica, P. densiflora, and A. pseudosieboldianum (one-way ANOVA, F = 3.25, p = 0.022). Therefore, F. rhynchophylla, S. chinensis, and P. sargentii exhibited a significantly higher C/N ratio than did the other tree species (one-way ANOVA, F = 2.923, p = 0.034). Lignin concentration was highest in P. densiflora branches, while F. rhynchophylla had the lowest concentration (one-way ANOVA, F = 57, p < 0.001). Therefore, P. densiflora had the highest lignin/N ratio, and Q. mongolica, F. rhynchophylla, and A. pseudosieboldianum had the lowest values (one-way ANOVA, F = 3.94, p = 0.014). Cellulose concentration among the six tree species ranged from 48.3% in P. densiflora to 63.5% in F. rhynchophylla, and P. sargentii, Q. mongolica, S. chinensis, and A. pseudosieboldianum contained intermediate cellulose concentrations in that order (one way-ANOVA, F = 8.1, p < 0.001). The concentration of nutrient minerals in branch wood samples for each species was species specific. P, K and Na were not significantly different among tree species (one-way ANOVA, F = 1.911, 0.641 and 0.273, p = 0.130, 0.670 and 0.923, respectively); however, Ca was highest in S. chinensis and lowest in P. densiflora and F. rhynchophylla (one-way ANOVA, F = 41.98, p < 0.001), and Mg was highest in F. rhynchophylla and lowest in Q. mongolica and A. pseudosieboldianum (one-way ANOVA, F = 9.187, p < 0.001). 
Mass Loss and Decomposition Rate
Branch wood disk mass decreased with time in a species-specific manner, and it decreased sizably during the summer seasons (4-9 months, 16-21 months and 28-34 months). Mass loss of the branch wood disk samples over 40 months is shown in Figure 1 . In the early stage of decomposition (the first 9 months), branch wood mass decreased by 22.6%, 20.5%, 20.2%, 17.4%, 13.3%, and 7.8% of the initial mass for F. rhynchophylla, A. pseudosieboldianum, S. chinensis, Q. mongolica, P. sargentii, and P. densiflora, respectively (one-way ANOVA, F = 1.594, p = 0.205). After 40 months of decomposition, branch wood mass of all species decreased by more than 75% of their initial mass, with 25.4% of initial mass remaining for P. densiflora, 20.9% for Q. mongolica, 20.1% for P. sargentii, 17.7% for A pseudosieboldianum, 17.2% for S. chinensis, and 15.3% for F. rhynchophylla, respectively (one-way ANOVA, F = 1.043, p = 0.418). The difference in remaining branch wood among species was not statistically significant in overall decomposition stages (two-way ANOVA, F = 0.181, p = 1.000). Decomposition coefficients (k) of branch wood samples ranged from 0.420 in P. densiflora to 0.586 in F. rhynchophylla, and branch wood half-life ranged from 1.18 years in F. rhynchophylla to 1.65 years in P. densiflora (Table 3) .
Branch wood disk mass decreased with time in a species-specific manner, and it decreased sizably during the summer seasons (4-9 months, 16-21 months and 28-34 months). Mass loss of the branch wood disk samples over 40 months is shown in Figure 1 . In the early stage of decomposition (the first 9 months), branch wood mass decreased by 22.6%, 20.5%, 20.2%, 17.4%, 13.3%, and 7.8% of the initial mass for F. rhynchophylla, A. pseudosieboldianum, S. chinensis, Q. mongolica, P. sargentii, and P. densiflora, respectively (one-way ANOVA, F = 1.594, p = 0.205). After 40 months of decomposition, branch wood mass of all species decreased by more than 75% of their initial mass, with 25.4% of initial mass remaining for P. densiflora, 20.9% for Q. mongolica, 20.1% for P. sargentii, 17.7% for A pseudosieboldianum, 17.2% for S. chinensis, and 15.3% for F. rhynchophylla, respectively (one-way ANOVA, F = 1.043, p = 0.418). The difference in remaining branch wood among species was not statistically significant in overall decomposition stages (two-way ANOVA, F = 0.181, p = 1.000). Decomposition coefficients (k) of branch wood samples ranged from 0.420 in P. densiflora to 0.586 in F. rhynchophylla, and branch wood half-life ranged from 1.18 years in F. rhynchophylla to 1.65 years in P. densiflora (Table 3 ). 
Changes in Chemical Composition during Decomposition
In decomposing wood samples, Ca, Mg, and P contents increased through immobilization during the early stages of decomposition in a species-specific manner (Figure 2 ), whereas Na and K contents exhibited a rapid decline from the beginning ( Figure 2 ). P content tended to peak 9 months into the experiment and then decreased, whereas the P content of P. densiflora, F. rhynchophylla, and P. sargentii increased 1.3-1.4 times after 9 months. P contents in A. pseudosieboldianum and S. chinensis decreased from the beginning of decomposition. Ca and Mg contents increased in some species during the initial decay period and then gradually decreased during the rest of the experimental period. P exhibited immobilization in all species except for A. pseudosieboldianum, and Ca and Mg 
In decomposing wood samples, Ca, Mg, and P contents increased through immobilization during the early stages of decomposition in a species-specific manner (Figure 2 ), whereas Na and K contents exhibited a rapid decline from the beginning ( Figure 2 ). P content tended to peak 9 months into the experiment and then decreased, whereas the P content of P. densiflora, F. rhynchophylla, and P. sargentii increased 1.3-1.4 times after 9 months. P contents in A. pseudosieboldianum and S. chinensis decreased from the beginning of decomposition. Ca and Mg contents increased in some species during the initial decay period and then gradually decreased during the rest of the experimental period. P exhibited immobilization in all species except for A. pseudosieboldianum, and Ca and Mg exhibited immobilization in all species. After 9 months, the Ca content increased 1.4-fold in F. rhynchophylla and the Mg content by 1.3-fold in P. densiflora. In the case of K and Na, nutrient contents in the branch wood samples exhibited remarkable decreases during the initial 15 months and then gradually decreased after that. 
Factors Affecting Branch Wood Decomposition
Lignin and cellulose concentrations, lignin/N ratio, and wood density of branch wood samples were the critical factors affecting branch wood decomposition among tree species. In the early decomposition stage (the first 9 months), branch wood mass loss was negatively correlated with initial lignin concentration and the lignin/N ratio. However, cellulose concentration and wood density were positively correlated with the rate of branch wood decomposition among tree species Figure 2 . Change in calcium, phosphorus, potassium, magnesium, and sodium content in branch wood disk samples of six tree species during a decomposition period of 40 months (n = 5).
Lignin and cellulose concentrations, lignin/N ratio, and wood density of branch wood samples were the critical factors affecting branch wood decomposition among tree species. In the early decomposition stage (the first 9 months), branch wood mass loss was negatively correlated with initial lignin concentration and the lignin/N ratio. However, cellulose concentration and wood density were positively correlated with the rate of branch wood decomposition among tree species in the early decomposition stage (Figure 3a) . These four parameters and index-lignin, cellulose, wood density and lignin/N-exhibited the same trend in the late decomposition stage, although the lignin/N ratio was not statistically significant (Figure 3b) . However, the concentrations of nitrogen and soluble carbohydrates as well as branch wood C/N were not significantly related to the decomposition rate. Non-metric multidimensional scaling (NMDS) analysis of the relationships between branch wood decay and the chemical and physical properties of the branch wood samples produced similar results to the linear regression analyses, indicating that branch wood decomposition among tree species was significantly correlated with carbon, cellulose, and the lignin/N ratio in the early decomposition stage (Figure 4a ) and that they were significantly related to lignin and cellulose concentrations in the late decomposition stage (Figure 4b ). in the early decomposition stage (Figure 3a) . These four parameters and index-lignin, cellulose, wood density and lignin/N-exhibited the same trend in the late decomposition stage, although the lignin/N ratio was not statistically significant ( Figure 3b) . However, the concentrations of nitrogen and soluble carbohydrates as well as branch wood C/N were not significantly related to the decomposition rate. Non-metric multidimensional scaling (NMDS) analysis of the relationships between branch wood decay and the chemical and physical properties of the branch wood samples produced similar results to the linear regression analyses, indicating that branch wood decomposition among tree species was significantly correlated with carbon, cellulose, and the lignin/N ratio in the early decomposition stage (Figure 4a ) and that they were significantly related to lignin and cellulose concentrations in the late decomposition stage (Figure 4b ). Cellulose concentration was positively correlated with wood density of branch wood among tree species. However, lignin concentration was negatively correlated with wood density as opposed to cellulose. Comparisons between cellulose and lignin concentration, and between lignin/cellulose and mass loss, were negatively correlated, respectively ( Figure 5 ). Cellulose concentration was positively correlated with wood density of branch wood among tree species. However, lignin concentration was negatively correlated with wood density as opposed to cellulose. Comparisons between cellulose and lignin concentration, and between lignin/cellulose and mass loss, were negatively correlated, respectively ( Figure 5 ). Cellulose concentration was positively correlated with wood density of branch wood among tree species. However, lignin concentration was negatively correlated with wood density as opposed to cellulose. Comparisons between cellulose and lignin concentration, and between lignin/cellulose and mass loss, were negatively correlated, respectively ( Figure 5 ). 
Discussion
We investigated the decomposition rates and nutrient dynamics of major tree species in a cool temperate deciduous Korean forest to compare among tree species. The six major tree species we investigated differed in decomposition rates in situ even though these rates were not statistically significantly different among species due to large variation between replicates. Ca and Mg dynamics showed similar behaviors with immobilization in the decomposing of all tree species in the early decomposition stage (Figure 2 ). Most Ca in plants is a component of the cell wall in the form of calcium pectate [48] [49] [50] , which requires microbial degradation for its release. The immobilization of P, also needed for growth of microbial populations, is frequently reported during the early phases of the decomposition process [25, 51, 52] . The rapid K release is generally attributed to the fact that K is not bound to complex organic molecules as is the case for Ca and Mg; high solubility of K may have led to the higher rates of K losses [52] . These results of nutrient dynamics in tree species are consistent with other studies using leaf litter [50] [51] [52] [53] [54] .
The differences in the decomposition rates among tree species can be attributed to differences in the initial chemical composition of the branches, since litter quality is an important factor that determines the rates of C and nutrient turnover [7, 55, 56] . Our results also indicated that each tree species differed in its initial chemical composition and that the decomposition rate was significantly correlated with each parameter of litter quality ( Figure 3) . Specifically, the concentration of lignin and the lignin/N ratio had negative effects on the decay of branch wood for each species, even more than nitrogen, which is generally considered the limiting factor in organic matter decomposition. This result was in agreement with previous studies, which reported that a relatively high lignin concentration reduces the rate of decomposition in both early-and late-stage decay [9, 14, 22] .
In general, the mass-loss rate may be related to the concentrations of major nutrients, such as N, P, and S, which often are limiting factors for decomposition, not only within a species [57] but also among species, in the early decomposition stage [23] . Nitrogen content and the C/N ratio in litter are important factors controlling the decomposition rate [56, 58] because nitrogen is an essential component of microbial functions [59] , and high nitrogen content and a low C/N ratio increase the activity of microorganisms [60] . However, P. densiflora, which had relatively high N and lignin concentrations, decomposed slower than did F. rhynchophylla, which contained low N and lignin. This is because lignin more strongly affected decomposition than nitrogen did in this study ( Figure 3 and Figure 4 ). Berg [61] indicated that free, unshielded holocellulose is decomposed in the early decomposition stage and that the late decomposition stage would thus be controlled by the lignin degradation rate, as the cellulose in the remaining parts would be shielded by lignin. This suppressing effect of lignin on litter mass-loss rates in the later decomposition stage can be described as a linear relationship [62, 63] .
Moreover, our results showed that branch wood that contained high cellulose content and higher density of wood, decomposed more quickly. Low-density wood is mechanically weaker [64] [65] [66] [67] [68] [69] [70] because a volume extension of wood requires fewer resources to construct [71] , so it has been reported that wood density has a negative relationship with decomposition rate [72] . However, our results disagreed with previous studies regarding the relationship between mass loss and wood density, and indicated a positive relationship between the decomposition rate and wood density in both early and late stages of decomposition (Figure 3) . Interestingly, wood density of the six tree species tested here was strongly negatively related to lignin concentration and strongly positively correlated with cellulose concentration in our experiments ( Figure 5) . Additionally, the cellulose concentration of branch wood was significantly negatively correlated with lignin concentration among tree species ( Figure 5 ). As shown by these results, the cellulose content contributes to a change in the wood density, and when cellulose content of branch wood is increased, relative concentration of lignin is lower. The structure of wood can be theoretically simplified into a solid material with cellulose and air spaces (cell lumens) in its cell walls. Wood density is mainly driven by fiber in the walls and the lumen fraction [73] . Lignin is covalently linked to wall polysaccharides, especially hemicellulose and cellulose, conferring mechanical strength to the cell wall. These three major components determine the density of the cell wall and the wood tissue. Wood density is more strongly related to cellulose than to lignin ( Figure 5 ), and species with high densities were shown to have low concentrations of lignin, which is the structural component inhibiting decomposition (Table 2, Figure 3 ). In our results, the lignin/cellulose ratio was negatively correlated with decomposition ( Figure 5 ). As the relative proportion of lignin decreases due to a large amount of cellulose and to a high wood density, branches decompose faster because of the rapid degradation of cellulose that is in an unshielded state not linked to lignin [61] .
We anticipated that different tree species have characteristic chemical and physical properties, and these properties affect the decomposition rate. In our study, cellulose contributed to wood density, creating a relatively lower lignin content, and the decreased lignin concentration increased the wood decomposition rate. This may be because the ratio of the recalcitrant substance was reduced, and the degradation of cellulose was largely reflected in the mass loss. This branch wood mass loss was more strongly related to initial cellulose content, lignin concentration, and the lignin/N ratio than to N or the C/N ratio in some species, as was indicated by linear regression and NMDS ordination, which is typical in the late stage of litter decomposition [23, 57, 73] . Therefore, we concluded that the decomposition rate was affected by the different initial chemical and physical properties of tree species, and found that difference of decomposition rate was controlled by cellulose in our study.
Conclusions
The present study demonstrated that in temperate deciduous forests, wood decomposition was correlated to the initial chemical composition and physical properties of the wood. Decomposition of six woody species was highly correlated with wood density and cellulose and lignin concentrations from the early stage to the late stage of decomposition. Additionally, three factors-wood density, cellulose, and lignin-had an interesting relationship. As the amount of cellulose increased, density of the wood increased, the relative concentration of lignin decreased, and, as a result, decomposition rate increased. In particular, the decrease in relative lignin concentration may be an important factor in determining the decomposition rate. Although this study focused on six species, we suggest that cellulose, lignin, and wood density are key factors in the decomposition of wood and that they are controlled by the cellulose content. Further studies are needed to evaluate the decomposition rate of more woody species and the role of cellulose in the regulation of decomposition rates.
